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Abstract 
This study presents demonstration of monitoring dissolved CO2 using fiber-optic CO2 sensors for CO2 leakage 
detection through a small-scale field test. Theoretical analysis of CO2 leakage into a potable aquifer system with and 
without the presence of carbonates in the aquifer sediments suggests that dissolved CO2 is a good indicator of CO2 
leakage. CO2 leakage was simulated through two pulse-like CO2 releases into a single testing well which were 
monitored with a fiber-optic CO2 sensor and periodic groundwater sampling. Field results show that the changes in 
dissolved CO2 concentrations were detected by the CO2 sensor, confirming that it is possible to use chemical sensors 
for real-time in situ leakage detection at a geological carbon sequestration site.  
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1. Introduction 
One concern with geologic carbon sequestration (GCS) is unintended CO2 leakage from the storage 
formations into overlying potable aquifers through faults, fractures, and active or abandoned wells, potentially 
impacting underground sources of drinking water (USDW). Groundwater monitoring in potable aquifers may 
provide valuable information for risk assessment as well as CO2 leakage detection. The scientific community has 
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proposed various geochemical parameters for groundwater monitoring at GCS sites, including groundwater pH, 
dissolved inorganic carbon (DIC), alkalinity, dissolved CO2, carbon stable isotope of DIC, and trace metal 
concentrations[1, 2]. Current groundwater monitoring for CO2 leakage detection relies mainly on periodic 
groundwater sampling from the water wells. These methods have been applied to various GCS demonstration 
projects world-wide, as well as in field tests studying potential impacts of CO2 leakage on groundwater quality[3-8].  
Groundwater samples may undergo CO2 degassing during collection, transportation and laboratory analysis, 
resulting in inaccurate measurements of groundwater pH, DIC, and dissolved CO2 in groundwater, key parameters 
for CO2 leakage detection[2]. Owing to advancements in technology and materials (especially optic fiber) during the 
last decade, various chemical sensors are currently available for measuring real-time in situ dissolved CO2 in water 
[9, 10]. The primary goals of this study are to (1) address sensitivity of geochemical parameters to CO2 leakage 
based on theoretical analysis; and (2) assess whether fiber optic CO2 sensors can be used for real-time in situ 
monitoring of CO2 leakage signals which were simulated through two pulse-like CO2 release tests. 
 
2. Theoretical analysis of sensitivity of geochemical parameters to CO2 leakage  
CO2 leaked into a potable aquifer drives CO2 dissolution into groundwater according to the following reaction, 
ܥܱଶሺ௚ሻ ൅ܪଶܱ ՞ ܪଶܥܱଷכ ՞ ܪܥܱଷି ൅ ܪା ՞ ܥܱଷଶି ൅ʹܪା               (Reaction 1) 
*
2 3H CO  is dissolved carbon dioxide that consists mostly of hydrated oxidate CO2(aq) together with a small amount 
of carbonic acid. If the aquifer materials contain carbonates, such as calcite, CO2 dissolution further drives calcite 
dissolution,  
ܥܽܥܱଷ ൅ ܥܱଶሺ௚ሻ ൅ܪଶܱ ՞ ʹܪܥܱଷି ൅ ܥܽଶା                                      (Reaction 2) 
For the case without calcite dissolution, [H+] can be solved with the following equation,  
ሾܪାሿଷ െ ሺܭ௪ ൅ ܭଵܭு ஼ܲைଶሻሾܪାሿ െ ʹܭଵܭଶܭு ஼ܲைଶ ൌ Ͳ                                         (1) 
and for the case with calcite dissolution, [H+] can be solved with the following equation,  
 ଶ௄಴ೌ಴ೀయ
௄భ
మ௄ಹ
మ௉಴ೀమ
ሾܪାሿସ ൅ ሾܪାሿଷ െ ሺܭ௪ ൅ ܭଵܭு ஼ܲைଶሻሾܪାሿ െ ʹܭଵܭଶܭு ஼ܲைଶ ൌ Ͳ         (2)  
where PCO2 is CO2 pressure, Kh is the Henry constant of CO2 dissolution into water, K1, K2, Kw, and KCaCO3 are 
equilibrium constants as the following equations, 
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ܭ௪ ൌ ሾܪାሿሾܱܪିሿ                                                             (5) 
 Groundwater pH and concentrations of DIC, alkalinity, dissolved CO2, and bicarbonate were plotted as CO2 
pressure increases in case of CO2 leakage, shown in Figure 1. Groundwater pH shows a gradually decreasing trend 
as CO2 pressure increases although groundwater pH is higher with calcite dissolution than without (Figure 1a). 
Dissolved CO2 in groundwater with and without calcite dissolution is very similar (Figure 1a). Apparently, 
dissolved CO2 is mainly dominated by CO2 dissolution due to CO2 leakage. DIC shows an overall increasing trend 
in both cases (Figure 1b). DIC is slightly higher with calcite dissolution than without. Alkalinity is about two orders 
of magnitude higher with calcite dissolution than without (Figure 1b), suggesting that the contribution of calcite 
dissolution is significant. Similar to alkalinity, bicarbonate concentration is much higher in the case with calcite 
dissolution than in the case without. The results shown in Figures 1a, b are consistent with the modelling results 
reported by Wilkin and DiGiulio.8   
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To further compare the sensitivity of groundwater pH, DIC, alkalinity, and dissolved CO2 to CO2 leakage 
as CO2 pressure increases, relative changes in the concentration of each parameter is calculated according to the 
following equation,  
ܵ௉ ൌ
௒ುି௒೚
௒బ
      (6) 
where YP is the value of pH, DIC, alkalinity, or dissolved CO2 at CO2 pressure equal to P, and Yo is the value when 
CO2 pressure is equal to the background pressure, P0. Obviously dissolved CO2 shows the highest sensitivity among 
the four parameters (Figures 1c, d).  DIC has similar sensitivity to CO2 leakage as dissolved CO2 if no calcite 
dissolution occurs (Figure 1c). With calcite dissolution, DIC sensitivity is about one order of magnitude lower than 
dissolved CO2 sensitivity to CO2 leakage (Figure 1d). Sensitivity of alkalinity is higher with calcite dissolution than 
without. Sensitivity of groundwater pH is the least sensitive to CO2 leakage (Figures 1c, d). Therefore, dissolved 
CO2 in groundwater is a good indicator for CO2 leakage detection in potable aquifers and is the parameter selected 
for real-time in situ monitoring with a fiber optic CO2 sensor in the field test. Note that the finding with the 
theoretical analysis is consistent with the modelling results reported by Yang et al.19  
 
 
Figure 1. Plots of (a) pH and dissolved CO2; (b) DIC and alkalinity with the theoretical calculation for the cases 
with and without calcite dissolution; (c) relative change in pH, DIC, alkalinity, dissolved CO2 without calcite 
dissolution; and (d) relative change in pH, DIC, alkalinity, dissolved CO2 with calcite dissolution. 
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3. Field test of real-time in situ monitoring of dissolved CO2 
3.1 Brackenridge field site 
A siliclastic-dominated alluvial aquifer adjacent the Colorado River in Austin, Texas was selected for the 
field test.20 The shallow sand and gravel aquifer is on a river terrace at The University of Texas Brackenridge 
research station (lat 30° 16ƍ15.27Ǝ N, long 97° 46ƍ 51.16Ǝ W). Several shallow groundwater wells were drilled to a 
depth of 6 m and screened in the lower 3 m. The potentiometric surface in the unconfined aquifer was measured at 
2.4 m depth with very small hydraulic gradient toward the river dominated by the topography. Recovered core 
materials show that the sediments varied in grain size from clay-rich layers to coarse sand gravels with most of the 
sediment in the medium to coarse sand range. Mineralogy analysis of the sedimentary samples indicates that the 
aquifer materials contain up to 20% carbonates[4]. 
3.2 Pulse-like CO2 release tests 
Two pulse-like CO2 release tests were conducted in July, 2013 to simulate CO2 leakage into a potable 
aquifer. The fiber optic CO2 sensor, newly developed by Intelligent Optical Systems, Inc.[11], was installed in the 
lower 3 m of a testing well. Dissolved CO2 in groundwater was measured with the sensor every 30 seconds. For 
each pulse-like CO2 release, CO2 gas from a CO2 tank was bubbled into the testing well for about 2 hours. The field 
test was conducted using a single well for both the CO2 release and sensor monitoring. This approach was deemed 
adequate for demonstrating responses of CO2 sensors to leakage signals which only required a small-volume short-
duration test. An NaBr solution was added into the testing well for the second CO2 release. On site, groundwater pH 
and alkalinity were measured. Cation and anion concentrations of water samples were analyzed on two Dionex ICS-
2000 ion chromatography systems equipped with auto-eluent generators, an AS-HV auto-sampler, and an AD25 
absorbance detector. Dissolved inorganic carbon was analysed with the Torch Combustion TOC analyzer.  
3.3 Reactive transport model 
Results of the pulse-like CO2 release tests were interpreted with a multicomponent reactive transport model 
which simulates solute transport, coupled with geochemical processes, CO2 dissolution and calcite dissolution 
(Reactions 1 and 2) in the aquifer. Calcite dissolution was assumed to proceed kinetically. The parameters for 
calculating reaction rates were obtained from the work of Palandri and Kharaka [12] and equilibrium constants for 
chemical reactions were taken from the thermal-dynamic database of EQ3/6 6 version 8 [13].  The simulator, 
INVERSE-BIOCORE2D was used in this study [14-21].  
 
4. Results and discussion 
Once CO2 was released into the testing well, groundwater pH showed a sharp decrease from its background 
value: ~7 to 5.8 at the end of each CO2 release (Figure 2a). After CO2 release was stopped, groundwater pH 
gradually, over about a week, recovered to its background value. Dissolved CO2 increased quickly in the testing 
well, from the background value, 10-3 mol/L to a peak value at 0.012 mol/L, measured with the CO2 sensor (Figure 
2b). Dissolved CO2 in the testing well gradually decreased after CO2 release was stopped, partially because 
dissolved CO2 in the testing well migrated into the surrounding aquifer. Note that since the CO2 sensor measured 
dissolved CO2 every 30 seconds, it picked up ambient fluctuations of dissolved CO2 in groundwater (Figure 2b). 
Similar to dissolved CO2, DIC showed a quick increase after CO2 was released into the testing well, from its 
background value at 0.01 mol/L to a peak value at 0.04 mol/L (Figure 2c). Background alkalinity in the shallow 
aquifer was measured at ~0.007 mol/L. After CO2 gas was released into the testing well, alkalinity showed also a 
quick increase, reached a peak value at ~0.015 mol/L, and then gradually decreased to its background value (Figure 
2D). Dissolved CO2 monitored with the CO2 sensor and ground pH, alkalinity, and DIC measured with the 
groundwater sampling method all showed the two pulse-like CO2 releases. Groundwater pH, dissolved CO2, DIC, 
and alkalinity were plotted against CO2 pressure calculated based on either dissolved CO2 or measurements of DIC 
and pH (Figure 3a). Groundwater pH decreased and dissolved CO2, DIC and alkalinity increased when CO2 pressure 
increased, confirming the theoretical analysis of geochemical parameters to CO2 leakage shown in Figures 1a, b. 
Relative changes in pH, dissolved CO2, DIC, and alkalinity are shown in Figure 3b. Among the four parameters, 
dissolved CO2 showed highly sensitive whereas pH exhibited low sensitive to CO2 leakage (Figure 3b).  
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Figure 2. Plots of (a) pH; (b) dissolved CO2; (c) DIC; d) alkalinity; (e) Br; and (f) Ca, compared with modeling 
results with the simulator, INVERSE-BIOCORE2D (The first pulse-like CO2 release was conducted at Day 1 and 
the second release conducted at Day 11). 
 
The reactive transport model fits well with Br concentration measurements during the second release, 
shown in Figure 2E, confirming that the decreasing Br concentrations observed were dominated by diffusion from 
the well bore to the surrounding aquifer and convection caused by the small hydraulic gradient in the aquifer. 
Modelling results fit well with measurements of pH and dissolved CO2 (Figures. 2a, b), indicating that the sharp 
decrease in pH and quick increase in dissolved CO2 were mainly dominated by CO2 dissolution. The reactive 
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transport model results also indicate that increase in DIC from its background value was due to the CO2 releases and 
calcite dissolution while increase in alkalinity was attributed mainly to calcite dissolution, as evidenced by observed 
increase in Ca concentrations (Figure 2f).  
 
 
Figure 3. Plots of a) measurements and b) relative change in pH, dissolved CO2, DIC, and alkalinity as function of 
CO2 pressure for the field test. 
 
 
5. Concluding remarks 
CO2 leakage detection in the overlying potable aquifers at a GCS site requires accurate and sensitive 
geochemical parameters that can be used for monitoring the presence of CO2 in groundwater. Field tests are 
considered one of the most important approaches for assessing responses of geochemical parameters to CO2 leakage 
for leakage detection in groundwater. The pulse-like CO2-release tests conducted at the Brackenridge Field 
Laboratory confirmed that as suggested by Yang et al. [2], dissolved CO2 in groundwater is highly sensitive to CO2 
leakage.  The field tests also suggest that dissolved CO2 in groundwater is a better indicator for CO2 leakage 
detection than is groundwater pH, alkalinity, or DIC. Monitoring geochemical parameters relies mainly on the 
laboratory (or on-site) analysis of groundwater samples collected from the aquifer. When the periodic groundwater 
sampling method is being applied for the long-term monitoring of a large area at a GCS site, groundwater sampling 
is likely to be labour-intensive. In our study, the fiber-optic CO2 sensor installed in the testing well measured 
dissolved CO2, which matches reasonably well the dissolved CO2 estimated from the measurements of pH and 
alkalinity, clearly showing CO2 leakage signal simulated in the two tests.  Although more tests of fiber-optic CO2 
sensors are needed, the field test results suggest the use of CO2 sensors for real-time in situ monitoring of CO2 
leakage signals at a GCS site is possible in place of the labour-intensive periodic groundwater sampling method. 
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